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Abstract
Background: The acid sensitive ion channels TRPV1 (transient receptor potential vanilloid
receptor-1) and ASIC3 (acid sensing ion channel-3) respond to tissue acidification in the range that
occurs during painful conditions such as inflammation and ischemia. Here, we investigated to which
extent they are expressed by rat dorsal root ganglion neurons projecting to lung and pleura,
respectively.
Methods: The tracer DiI was either injected into the left lung or applied to the costal pleura.
Retrogradely labelled dorsal root ganglion neurons were subjected to triple-labelling
immunohistochemistry using antisera against TRPV1, ASIC3 and neurofilament 68 (marker for
myelinated neurons), and their soma diameter was measured.
Results: Whereas 22% of pulmonary spinal afferents contained neither channel-immunoreactivity,
at least one is expressed by 97% of pleural afferents. TRPV1+/ASIC3- neurons with probably slow
conduction velocity (small soma, neurofilament 68-negative) were significantly more frequent
among pleural (35%) than pulmonary afferents (20%). TRPV1+/ASIC3+ neurons amounted to 14 and
10% respectively. TRPV1-/ASIC3+ neurons made up between 44% (lung) and 48% (pleura) of
neurons, and half of them presumably conducted in the A-fibre range (larger soma, neurofilament
68-positive).
Conclusion: Rat pleural and pulmonary spinal afferents express at least two different acid-
sensitive channels that make them suitable to monitor tissue acidification. Patterns of co-
expression and structural markers define neuronal subgroups that can be inferred to subserve
different functions and may initiate specific reflex responses. The higher prevalence of TRPV1+/
ASIC3- neurons among pleural afferents probably reflects the high sensitivity of the parietal pleura
to painful stimuli.
Published: 01 July 2006
Respiratory Research 2006, 7:96 doi:10.1186/1465-9921-7-96
Received: 14 March 2006
Accepted: 01 July 2006
This article is available from: http://respiratory-research.com/content/7/1/96
© 2006 Groth et al; licensee BioMed Central Ltd.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.Page 1 of 16
(page number not for citation purposes)
Respiratory Research 2006, 7:96 http://respiratory-research.com/content/7/1/96Background
The lower respiratory tract receives primary afferent fibres
both from vagal sensory (nodose and jugular) and dorsal
root ganglia (DRG) that transmit information to the
brainstem and spinal cord, respectively [1-5]. To date, the
vagal airway afferents have received particular interest.
Functionally, they can be grouped in rapidly adapting
mechanoreceptors (RARs, also called "irritant receptors"),
slowly adapting mechanoreceptors (SARs), and C-fibre
afferents [1,6]. At least in the guinea-pig, the functionally
diverse classes are segregated between the two vagal sen-
sory ganglia, with SARs specifically located in the upper,
jugular ganglion, and RARs specifically located in the
lower, nodose ganglion [7]. Much less is known about
afferents of the lower respiratory tract that have their nerve
cell bodies in DRG. Neuronal tracing studies performed in
rat, guinea-pig and mouse located neurons in cervical and
upper thoracic DRG that send an axon to the lung [2-5],
electrophysiological recordings identified pulmonary
afferent pathways that traverse the sympathetic chain to
enter the spinal cord via spinal nerves [8-10], and reflexes
originating from the lower trachea and bronchi are not
entirely abolished by vagotomy in cats and dogs [11-13].
Immunohistochemical studies on retrogradely labelled
neurons indicate that pulmonary DRG neurons do not
constitute a homogenous population [2,3,5]. Based on
immunohistochemical investigation of DRG neurons ret-
rogradely labelled from the mouse right bronchus, it has
been concluded that the DRG pathway may have effects
on the magnitude of neurogenic inflammation in airway
diseases such as asthma [5]. With respect to the innerva-
tion of the pleura, even less is known. One study provided
recordings from an in vitro preparation of rabbit phrenic
nerve and mediastinal pleura and demonstrated multi-
modal mechano- and chemosensitive afferent units that
respond to potentially tissue damaging stimuli [14]. A
very recent study reports mechanosensitive, chemosensi-
tive and multimodal properties of parietal pleura afferents
travelling in the intercostal nerves of the rabbit [15]. On
this background we set out to investigate the presence of
acid-sensitive channels in rat DRG neurons projecting to
the lung and pleura, since tissue acidification occurs dur-
ing tissue damage and inflammation, and contributes to
neuronal excitation under such conditions [16]. To this
end, the neuronal tracer DiI (1,1'-dioctadecyl-3,3,3',3'-
tetramethylindocarbocyanine) was injected either into
the left lung or into the pleural cavity, and retrogradely
labelled DRG neurons were immunohistochemically tri-
ple-labelled for the vanniloid receptor TRPV1 (transient
receptor potential vanniloid receptor-1), the acid sensing
ion channel-3 (ASIC3), and neurofilament 68 kDa
(NF68), and their soma size was measured. Both, TRPV1
and ASIC3, are expressed by subsets of primary afferent
neurons and are the major acid-sensitive ion channels of
sensory neurons know so far [17-19]. TRPV1 is a proton-
sensitive channel whose activity is modulated by heat and
by the pungent ingredient of chilli peppers, capsaicin
[20,21]. Targeted disruption of the TRPV1 gene in mice
results in loss of calcitonin gene-related peptide release in
response to acidified (pH 5.2–5.7) synthetic interstitial
fluid in the murine heart [22]. In human airways, TRPV1
has been considered to contribute to an enhanced cough
reflex and the cough response in chronic persistent cough
of diverse causes [23]. ASIC3 is a proton-sensitive channel
which has been implicated in nociception [24-26] but
also in mechanoreception [27]. It is activated at higher pH
(6.0) than TRPV1, and its targeted disruption does not
influence acid-induced neuropeptide release [22] but
abolished acid-induced hypersensitivity of muscle affer-
ents [25]. In addition to their immunoreactivity to TRPV1
and ASIC3, the size of retrogradely labelled neuronal
somata and their immunoreactivity for NF68 were
recorded since these parameters allow conclusions on the
conduction velocity of sensory neurons [28-31].
Methods
Animals and tracer application
This study was performed on 10 female Wistar rats (200–
260 g body weight; Harlan Winkelmann, Borchen, Ger-
many). The experiments were conducted in accordance
with the European Communities Council Directive of 24
November 1986 (86/609/EEC). For tracing of pleural
afferents, animals were initially anaesthetized by isofluran
inhalation (Forene, Abbott, Wiesbaden, Germany), and
then received an intramuscular injection of atropine (0.25
mg/kg body weight; Braun, Melsungen, Germany), and
intraperitoneal injection of ketamine hydrochloride (90
mg/kg; Ketavet, Pharmacia and Upjohn, Erlangen, Ger-
many) and medetomidin hydrochloride (0.1 mg/kg; Dor-
mitor, Pfizer, Karlsruhe, Germany) and were ventilated
(Harvard Rodent Ventilator G836, Harvard Apparatus,
South Natick, MA, USA) via an endotracheal tubus at a fre-
quency of 97/min with a stroke volume of 1 ml/100 g and
a positive end-expiratory pressure of 5 cm H2O. Thoracot-
omy was performed at the level of the 4th to 6th intercostal
space. Only a single intercostal space was opened per indi-
vidual animal. The ventilation was shortly arrested to
allow collapse of the lung, and tracer (1,1'-dioctadecyl-
3,3,3',3'-tetramethylindocarbocyanine perchlorhydrate
[DiI], Molecular Probes Europe, Leiden, NL; 0.25 ‰ in N,
N'-dimethylformamide, Fluka, Buchs, Switzerland) was
applied each caudally (2 µl) and cranially (2 µl) onto the
costal pleural surface with a microsyringe (Hamilton,
Bonaduz, Switzerland). Ventilation with positive end-
expiratory pressure was continued, muscles and skin lay-
ers were sutured, and animals received a subcutaneous
injection of atipamezol hydrochloride (0.5 mg/kg; Antise-
dan, Pfizer, Karlsruhe, Germany) to terminate anaesthe-
sia. Until full recovery from anaesthesia, animals were
placed on a warming pad. Animals were sacrificed byPage 2 of 16
(page number not for citation purposes)
Respiratory Research 2006, 7:96 http://respiratory-research.com/content/7/1/96
Page 3 of 16
(page number not for citation purposes)
Table 1: Segmental distribution of retrogradely labelled DRG neurons after DiI injection into the left pleural cavity
Left Rat 1 Rat 2 Rat 3 Rat 4 Rat 5
n % n % n % n % n %
C2 3 2.8 0 0 0 0 X X X X
C3 0 0 0 0 0 0 1 3.2 0 0
C4 3 2.8 7 7.6 4 4.7 0 0 0 0
C5 17 15.7 5 5.4 14 16.3 0 0 12 23.5
C6 0 0 3 3.3 4 4.7 6 19.4 0 0
C7 1 0.9 0 0 0 0 1 3.2 1 2.0
C8 0 0 5 5.4 0 0 0 0 3 5.9
Th1 12 11.1 18 19.6 5 5.8 0 0 0 0
Th2 13 12.0 4 4.4 2 2.3 1 3.2 6 11.8
Th3 7 6.5 8 8.7 1 1.2 4 12.9 3 5.9
Th4 24 22.2 5 5.4 5 5.8 3 9.7 3 5.9
Th5 8 7.4 26 28.3 2 2.3 X X 2 3.9
Th6 2 1.9 0 0 22 25.6 12 38.7 11 21.6
Th7 5 4.6 3 3.3 6 7.0 2 6.5 7 13.7
Th8 4 3.7 2 2.2 4 4.7 0 0 2 3.9
Th9 0 0 6 6.5 5 5.8 0 0 0 0
Th10 0 0 0 0 4 4.7 1 3.2 1 2.0
Th11 4 3.7 0 0 4 4.7 0 0 0 0
Th12 5 4.6 0 0 4 4.7 0 0 0 0
L1 0 0 0 0 X X 0 0 0 0
Σ 108 100 92 100 86 100 31 100 51 100
Right Rat 1 Rat 2 Rat 3 Rat 4 Rat 5
n % n % n % n % n %
C2 3 3.7 0 0 0 0 0 0 1 5.9
C3 0 0 0 0 2 3.5 2 6.5 0 0
C4 3 3.7 0 0 2 3.5 0 0 2 11.8
C5 7 8.5 1 4.4 7 12.1 0 0 1 5.9
C6 7 8.5 0 0 3 5.2 3 9.7 0 0
C7 1 1.2 0 0 0 0 0 0 0 0
C8 0 0 1 4.4 0 0 0 0 0 0
Th1 18 22.0 5 21.7 8 13.8 0 0 0 0
Th2 8 9.8 4 17.4 11 19.0 0 0 0 0
Th3 3 3.7 2 8.7 14 24.1 5 16.1 0 0
Th4 25 30.5 8 34.8 1 1.7 1 3.2 3 17.7
Th5 2 2.4 0 0 0 0 10 32.3 8 47.1
Th6 0 0 0 0 3 5.2 3 9.7 2 11.8
Th7 0 0 1 4.4 1 1.7 6 19.4 0 0
Th8 1 1.2 1 4.4 0 0 1 3.2 0 0
Th9 1 1.2 0 0 1 1.7 0 0 0 0
Th10 0 0 0 0 3 5.2 0 0 0 0
Th11 2 2.4 0 0 2 3.5 0 0 0 0
Th12 1 1.2 0 0 0 0 0 0 0 0
L1 0 0 0 0 0 0 0 0 0 0
Σ 82 100 23 100 58 100 31 100 17 100
Respiratory Research 2006, 7:96 http://respiratory-research.com/content/7/1/96inhalation of an overdose sevoflurane (Sevorane; Abbott,
Wiesbaden, Germany) 6 days after tracer application.
For tracing of pulmonary afferents, animals received intra-
muscular injection of atropine (0.05 mg/kg), xylazine
hydrochloride (12 mg/kg; Rompun, Bayer, Leverkusen,
Germany) and ketamine hydrochloride (80 mg/kg; Keta-
min, Inresa, Freiburg, Germany). The trachea was exposed
by a midline cervical incision and opened between two
cartilage rings with a 26 G cannula. A 10 µl Hamilton
syringe loaded with 5 µl of tracer was inserted through this
slit into the tracheal lumen, preceded into the left stem
bronchus, and then pushed into the lung parenchyma to
inject the tracer. The wound was closed, and the animals
were allowed to recover under controlled temperature and
sacrificed at the 6th postoperative day.
In a control experiment, an animal was anaesthetized as
described for pulmonary tracing and the operative
approach was identical to that for pleural tracing except
that the intercostal muscle was left intact and the pleural
cavity was not opened. In this experiment, 2 µl of tracer
were injected into the 6th intercostal muscle. The wound
was closed, and the animal was allowed to recover and
sacrificed at the 6th postoperative day.
Tissue processing and immunohistochemistry
Animals were killed by inhalation of an overdose of sevo-
rane, and perfused via the left ventricle first with heparin-
containing rinsing solution [32], and then with fixative
(4% phosphate-buffered parafomaldehyde, pH 7.4 in 3
cases of pleura tracing, in 1 case of lung tracing, and in the
intercostal muscle control experiment; Zamboni's fixans =
2% paraformaldehyde/15% saturated picric acid in 0.1 M
phosphate buffer, pH 7.4, in 2 cases of pleura and 3 cases
of lung tracing). Animals were kept for 1 h at 6°C, and
then the following specimens were dissected: all thoracic
viscera en bloc, DRG bilaterally at segmental levels lung:
C4-Th1, sensory vagal (nodose-jugular) ganglia bilater-
ally, spinal cord at segmental levels C3-Th7, and, in case
of pleura and intercostal muscle tracing experiments, the
sites of tracer application. Specimens were rinsed repeat-
edly in 0.1 M phosphate buffer, and then placed for 24 h
in this buffer containing 18% sucrose. Thereafter, speci-
mens were mounted on filter paper in OCT compound
(Tissue Tek, Sakura, Zoeterwoude, NL), frozen in liquid
nitrogen, and stored at -80°C until sectioning.
Serial 10 µm-thick sections were cut on a cryotome (Jung
Frigocut 2800E, Leica, Bensheim, Germany) and mounted
on SuperFrost Plus slides (R. Langenbrinck, Emmendin-
gen, Germany). A first screening for retrogradely labelled,
DiI containing neurons was done with an epifluorescence
microscope (530–560 nm excitation filter, 573–648 nm
barrier filter; Axioplan 2, Zeiss, Jena, Gemany) before
immunolabelling, and all DiI-containing neurons with
visible nucleus were documented with a digital camera
(Axiocam, Zeiss,) and their soma size was determined
with Axio Vision Software (Zeiss). Only sections from left
DRG at levels Th3-6 in case of pleura tracing and levels
Th1-2 in case of lung tracing, respectively, which con-
tained retrogradely labelled neurons were subjected to
further immunolabelling. Non-specific protein binding
sites were blocked with 0.1% bovine serum albumin, 10%
normal porcine serum, 0.2% Tween 20 in 0.005 M phos-
phate buffer with 4.48 g/l NaCl (PBS). Sections were then
incubated overnight at 4°C with a mixture of anti-ASIC3
from guinea pig (1:200; Chemicon, Hofheim, Germany),
anti-TRPV1 from rabbit (1:2,000; Chemicon), and mouse
monoclonal anti-NF68 (clone NR4, 27.5 µg/ml; Sigma,
Steinheim, Germany). Following buffer washes, triple-
labelling was achieved by simultaneous incubation (1 h,
room temperature) with species-specific antisera raised in
donkey against guinea pig Ig (conjugated to fluorescein
isothiocyanate = FITC; 1:100), rabbit Ig (conjugated to
Tracer (DiI) distribution in thoracic tissues 6 days after appli-cation into the left pleural cavityFigure 1
Tracer (DiI) distribution in thoracic tissues 6 days after appli-
cation into the left pleural cavity. A) Close to the injection 
site, the parietal pleura (PP) is thickened and still contains an 
accumulation of DiI positive cells. ICM = intercostal muscle. 
B) The visceral pleura is more intensely labelled at the dorso-
costal lung surface (arrow) than at its mediastinal surface 
(arrowhead). C, D) Solitary spots of DiI (arrows) are also 
seen at the visceral pleura of the contralateral lung (C) and 
the pericardium (D) while most contralateral pleural (C, 
arrowhead) and pericardial stretches (D, doubled arrow-
head) have not accumulated tracer. LP = lung parenchyma, 
My = myocardium. Bars represent 100 µm in A and D, and 
200 µm in B and C.Page 4 of 16
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ylcoumarin-3-acetate = AMCA; 1:200) (all from Dianova,
Hamburg, Germany). Routine techniques to assess spe-
cies-specificity of secondary antisera [33] were applied to
DRG sections without retrogradely labelled neurons.
Washed sections were coverslipped in carbonate-buffered
glycerol (pH 8.6), and retrogradely labelled neurons,
which often lost much of the DiI fluorescence in the
course of immunohistochemical processing, were re-iden-
tified by aid of the images taken before immunohisto-
chemistry and assessed for their pattern of
immunoreactivity. Filter combinations for epifluores-
cence microscopy were 340–380 nm excitation and 435–
685 nm barrier filter for AMCA, 460–500 nm excitation
and 512–542 nm barrier filter for FITC, and 590–650 nm
excitation and 663–738 nm barrier filter for Cy5.
Statistical methods
Relative frequencies of neurochemical characteristics of
neurons retrogradely labelled from pleura and lung,
respectively, were compared by the Chi2-test. Size distri-
butions of neurochemically defined classes of neurons
were compared by the Kolmogoroff-Smirnoff-test.
Throughout, p < 0.05 was set as level for significance.
Results
Pleura tracing
Tracer distribution
As described in the methods section, tracer application
onto the costal pleura of the left pleural cavity was per-
formed with collapsed lung, and artificial respiration with
positive end-expiratory pressure was continued immedi-
ately thereafter. At the time of sacrifice, a DiI spot was still
macroscopically visible at the parietal pleura at the appli-
cation site (segmental level Th4: n = 1, Th5: n = 2, Th6: n
= 2). In this region, fluorescence microscopy revealed
pleural thickening and intense DiI accumulation (Fig.
1A). DiI was also observed at the visceral pleural lining of
the dorso-costal surface of the left lung whereas the medi-
astinal visceral pleura was less labelled (Fig. 1B). Screen-
ing of the contralateral lung (Fig. 1C) and of the
pericardium (Fig. 1D) revealed single small spots of DiI
also at these locations. In the control experiment where
DiI was injected into the left 6th intercostal muscle, tracer
was restricted to the muscle and did not appear at the pul-
monary surface or pericardium.
After application of DiI onto the costal pleura, retro-
gradely labelled neurons were found in DRG at different
segmental levels (Tab. 1) and in the jugular-nodose com-
plex (Tab. 2) at both sides. The number of ipsilaterally
located neurons amounted twice that of contralateral neu-
rons (relative frequencies of ipsilateral neurons: 64% in
DRG, 67% in the jugular-nodose complex). Ipsilaterally,
about 25% of retrogradely labelled DRG neurons were
located at the segmental level of application, and roughly
the same number was distributed over the 4 adjacent (2
cranial and 2 caudal) DRG (Fig. 2). Smaller, additional
peaks in the numbers of DiI-labelled neurons were found
at levels C4-C6 and Th1-Th2 (Tab. 1). Labelled neurons
were not observed in the spinal cord from C3 to Th7.
In contrast, DiI injection into the 6th intercostal muscle
resulted in purely ipsilateral labelling of DRG neurons
Distribution of retrogradely labelled DRG neurons after tracer injecti n in o the pleural cavityFigu e 2
Distribution of retrogradely labelled DRG neurons after 
tracer injection into the pleural cavity. Segmental level "0" 
depicts that level at which the thorax was opened for tracer 
application (Th4: n = 1; Th5: n = 2, Th6: n = 2), level "-1" des-
ignates the DRG located immediately cranial, level "1" desig-
nates the DRG located immediately caudal to this level. 
Relative frequencies are shown, total number of neurons = 
160, taken from 4 animals. Data from animal #4 are excluded 
since in this experiment DRG Th5 (left side) was lost during 
tissue processing (cf. Table 1).
0
10
20
30
40
50
-2,00 -1,00 0,00 1,00 2,00
segment
[%
]
-2 -1 0 +1 +2
Table 2: Number and distribution of retrogradely labelled sensory vagal neurons after DiI injection into the left pleural cavity
Rat 1 Rat 2 Rat 3 Rat 4 Rat 5 Σ
n % n % n % n % n % n %
left 13 65 12 66.7 7 70 12 57.1 23 74.2 67 67
right 7 35 6 33.3 3 30 9 42.9 8 25.8 33 33
Σ 20 100 18 100 10 100 21 100 31 100 100 100Page 5 of 16
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immediate cranial and caudal neighbours (16%) (Tab. 3),
and intensely labelled motoneurons were observed in the
spinal ventral column from Th5 to Th8.
Size and neurochemical characteristics of retrogradely 
labelled DRG neurons
Size measurements of neurons retrogradely labelled after
tracer application onto the costal pleura were performed
on 148 neurons in ipsilateral DRG at segmental levels
Th3-Th6. Two thirds of retrogradely labelled neurons were
in the size range between 20 and 30 µm (20–25 µm: 38%,
25–30 µm: 30%), and only 7% were larger than 35 µm.
Retrogradely labelled neurons larger than 45 µm were not
observed (Fig. 3).
Successful immunohistochemical triple-labelling could
be obtained for 94/148 of the neurons. In the order of fre-
quency, the following combinations of immunoreactivi-
ties to ASIC3, TRPV1, and NF68 in DiI-positive cells
(neurons/perikarya) were found (cf. Fig. 4): ASIC3-/
TRPV1+/NF68- (Fig. 5D), ASIC3+/TRPV1-/NF68- (Fig. 5A),
ASIC3+/TRPV1-/NF68+ (Fig. 5B), ASIC3+/TRPV1+/NF68-
(Fig. 5C), and triple-negative. Thus, NF68-immunoreac-
tivity was observed only in combination with ASIC3-
immunoreactivity, and only 3% of neurons (triple-nega-
tive) contained neither ASIC3- nor TRPV1-immunoreac-
tivity.
Both populations of TRPV1-immunoreactive neurons, i.e.
those with and those without additional ASIC3-immuno-
reactivity, had a peak frequency in the size range of 20–25
µm and did not exceed 35 µm in diameter (Fig. 6A).
ASIC3+/TRPV1- neurons without TRPV1-immunoreactiv-
ity, on the other hand, had a broader size distribution
reaching up to 45 µm with a peak at 25–30 µm (Fig. 6A).
Subdivision of ASIC3+ neurons into those with and those
without NF68-immunoreactivity revealed that NF68+ neu-
rons ranged from 20–45 µm with a peak at 25–30 µm,
whereas NF68- neurons ranged from below 20 to 40 µm
with a peak at 20–25 µm (Fig. 6B). The size distribution
of ASIC3+/NF68+ neurons differed significantly from
those of ASIC3-/TRPV1+ (p < 0.01; Kolmogoroff-Smirnoff-
test) and ASIC3+/TRPV1+ neurons (p < 0.05; Kolmogoroff-
Smirnoff-test), whereas no significant differences were
observed for other couples.
Lung tracing
Tracer distribution
The cannula of a Hamilton syringe was inserted into the
trachea, and preceded into the left lung parenchyma
where the tracer DiI was delivered. At the time of sacrifice,
DiI was not macroscopically visible in the lung. Fluores-
cence microscopical investigation revealed the expected
tracer distribution in the left lung and, to a very minor
extent, also in airways of the right lung. Retrogradely
labelled neurons were found in DRG at segmental levels
C4-Th10 of both sides, with only 1% of neurons located
caudally to Th6 (Tab. 4). A clear peak in frequency was
observed at segmental level Th1/2, where 51% of all DiI
positive neurons were observed on the left side (Fig. 7;
Size distribution of DRG neurons retrogradely labelled from lung (n = 1,030 neurons located in DRG Th1-Th2, left side) and pleu a (n = 148 neur ns l cated in DRG 3-Th6, left sid )Figur  3
Size distribution of DRG neurons retrogradely labelled from 
lung (n = 1,030 neurons located in DRG Th1-Th2, left side) 
and pleura (n = 148 neurons located in DRG Th3-Th6, left 
side).
Table 3: Segmental distribution of retrogradely labelled DRG neurons after DiI injection into the left 6th intercostal muscle.
Th1 Th2 Th3 Th4 Th5 Th6 Th7 Th8 Th9 Th10 Th11 Th12 Σ
n % n % n % n % n % n % n % n % n % n % n % n % n %
lef
t
0 0 1 0 0 0 1 0 14 5 23
1
83 30 11 0 0 1 0 0 0 0 0 0 0 27
8
10
0
rig
ht
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Σ 0 0 1 0 0 0 1 0 14 5 23
1
83 30 11 0 0 1 0 0 0 0 0 0 0 27
8
10
0Page 6 of 16
(page number not for citation purposes)
Respiratory Research 2006, 7:96 http://respiratory-research.com/content/7/1/96Tab. 4). An additional minor peak was found at C6 (Fig.
7). Eighty percent of retrogradely labelled neurons were
located ipsilaterally. Complete series of sections of sen-
sory vagal ganglia were obtained for animals #2 and #3
only, and in these cases the number of retrogradely
labelled vagal neurons amounted 60% of that found in
total in DRG (Tab. 5). In each animal, very occasionally
(<10 neurons per case) retrogradely labelled motoneu-
rons were observed in the ventral column of the spinal
cord at around segmental level C3.
Size and neurochemical characteristics of retrogradely 
labelled DRG neurons
Size measurements were performed on retrogradely
labelled neurons in ipsilateral DRG at segmental levels C6
and C7, Th1 and Th2 (n = 1,030; Fig. 3), and Th4 and Th5.
Size distributions were practically identical at these levels
and, accordingly, no significant differences were disclosed
by the Kolmogoroff-Smirnoff-test. At segmental level Th1/
2 where the majority of labelled neurons was located, size
range peaked between 20 and 25 µm in diameter (33%),
and 58% of labelled neurons measured between 20 and
30 µm (Fig. 3). About 20% of neurons were smaller than
20 µm, and only 7/1,030 had a diameter greater than 45
µm.
Successful immunohistochemical triple-labelling could
be obtained for 761 of the neurons. Those combinations
of immunoreactivities to ASIC3, TRPV1 and NF68, that
were found in DRG neurons retrogradely labelled from
the pleural cavity, i.e. ASIC3-/TRPV1+/NF68-, ASIC3+/
TRPV1-/NF68-, ASIC3+/TRPV1-/NF68+, ASIC3+/TRPV1+/
NF68-, and triple-negative, were also observed in DiI pos-
itive neurons after lung injection (Fig. 8), and amounted
to 95% of all retrogradely labelled neurons (Fig. 4). In
addition, 21/761 (2.8%) DiI positive neurons were triple-
labelled for ASIC3, TRPV1 and NF68, 11/761 (1.4%) for
NF68 only, and 2/761 (0.3%) for TRPV1 plus NF68 (Fig.
8).
TRPV1-immunoreactive neurons without additional
ASIC3-immunoreactivity had a peak frequency in the size
range of 20–25 µm, and one individual neuron exceeded
35 µm in diameter (Fig. 9A). TRPV1-immunoreactive neu-
rons with additional ASIC3-immunoreactivity, however,
occurred at similar frequencies in the size ranges below 20
µm, 20–25 µm, and 25–30 µm, respectively (Fig. 9A).
ASIC3+ neurons without TRPV1-immunoreactivity had a
broader size distribution reaching up to 60 µm with a
peak at 25–30 µm (Fig. 9A). Subdivision of ASIC3+ neu-
rons into those with and those without NF68-immunore-
activity revealed that NF68+ neurons covered the whole
size range up to 60 µm with a peak at 25–30 µm, whereas
NF68- neurons reached up to 40 µm with a peak at 20–25
µm (Fig. 9B). Triple-immunonegative DiI positive neu-
rons were predominantly small showing a plateau in all
size ranges below 30 µm (Fig. 9C). Only 3% (5/155) of
the neurons of this neurochemical class were larger than
35 µm in diameter. The Kolmogoroff-Smirnoff-test
revealed highly significant differences among ASIC3+/
TRPV1-/NF68+ and ASIC3+/TRPV1-/NF68- neurons as well
as between them and all other neurochemically defined
populations. There were no significant differences, how-
ever, among ASIC3-/TRPV1+/NF68-, ASIC3+/TRPV1+/
NF68-, and triple-negative neurons.
Comparison between pleural and pulmonary spinal 
afferents
Triple-negative (ASIC3-/TRPV1-/NF68-) neurons were
much more frequent among pulmonary (22%) than
Relative frequencies of neurochemically characterized sub-populations of DRG neurons retrogradely labell d from l ura (A; n = 94) and l ng (B; n = 761)Fig re 4
Relative frequencies of neurochemically characterized sub-
populations of DRG neurons retrogradely labelled from 
pleura (A; n = 94) and lung (B; n = 761).Page 7 of 16
(page number not for citation purposes)
Respiratory Research 2006, 7:96 http://respiratory-research.com/content/7/1/96among pleural afferents (p < 0.001; Chi2-test), whereas
neurons with TRPV1-immunoreactivity only (ASIC3-/
TRPV1+/NF68-) were more numerous in the neuronal
population projecting to the pleura (35% vs. 20%; p <
0.001; Chi2-test) (Fig. 4). All other neurochemically
defined classes showed no significantly different relative
frequencies between pleural and pulmonary afferents.
Comparison of neurochemically specified pleural and
Quadruple-labelling (accumulation of fluorescent tracer plus triple-labelling immunohistochemistry) of DRG neurons after DiI injection into the pleural cavityFigure 5
Quadruple-labelling (accumulation of fluorescent tracer plus triple-labelling immunohistochemistry) of DRG neurons after DiI 
injection into the pleural cavity. The most frequent patterns (cf. also fig. 4) of immunolabelling of DiI-positive neurons (arrow) 
are A) ASIC3+/TRPV1-/NF68-, B) ASIC3+/TRPV1-/NF68+, C) ASIC3+/TRPV1+/NF68-, and D) ASIC3-/TRPV1+/NF68+. Bar repre-
sents 50 µm throughout.Page 8 of 16
(page number not for citation purposes)
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in neither case revealed significant differences (Kol-
mogoroff-Smirnoff-test).
Discussion
This study provides the first direct comparison between
pleural and pulmonary spinal afferent neurons with
respect to the location of their perikarya and neurochem-
ical characteristics, particularly with respect to the expres-
sion of acid-sensitive ion channels.
Origin of pulmonary and pleural afferents
The distribution of retrogradely labelled neurons after
tracer injection into the left rat lung observed in the
present study with bilaterally located neurons both in
vagal sensory ganglia and in DRG with a peak at ipsilateral
segmental levels Th1-Th2 generally matches the descrip-
tion given also for the rat by Springall et al. [2] and is sim-
ilar to that reported for the innervation of the guinea-pig
right lung [3]. Application of Fast Blue to murine stem
bronchi was followed by labelling of vagal sensory ganglia
Table 4: Segmental distribution of retrogradely labelled DRG neurons after DiI injection into the left lung.
Left Rat 1 Rat 2 Rat 3 Rat 4 mean
n % n % n % n % %
C4 0 0.0 4 0.6 12 2.3 5 0.9 1.0
C5 4 1.5 94 13.7 40 7.5 73 13.5 9.1
C6 31 11.7 102 14.9 66 12.4 33 6.1 11.3
C7 36 13.6 25 3.6 47 8.8 40 7.4 8.4
C8 14 5.3 18 2.6 21 3.9 8 1.5 3.3
Th1 32 12.1 305 44.5 167 31.3 136 25.1 28.3
Th2 109 41.3 90 13.1 103 19.3 87 16.1 22.5
Th3 19 7.2 19 2.8 48 9.0 52 9.6 7.2
Th4 14 5.3 16 2.3 15 2.8 28 5.2 3.9
Th5 0 0.0 8 1.2 8 1.5 39 7.2 2.5
Th6 5 1.9 3 0.4 2 0.4 30 5.6 2.1
Th7 0 0.0 2 0.3 2 0.4 5 0.9 0.4
Th8 0 0.0 0 0.0 0 0.0 4 0.7 0.2
Th9 0 0.0 0 0.0 1 0.2 1 0.2 0.1
Th10 0 0.0 0 0.0 1 0.2 0 0.0 0.1
Σ 264 100 686 100 533 100 541 100 100
Right Rat 1 Rat 2 Rat 3 Rat 4 mean
n % n % n % n % %
C4 2 9.5 20 5.8 X X 2 2.9 6.1
C5 3 14.3 85 24.5 38 19.6 1 1.5 13.4
C6 0 0.0 44 12.7 31 16.0 0 0.0 4.2
C7 0 0.0 2 0.6 1 0.5 1 1.5 0.7
C8 1 4.8 9 2.6 1 0.5 1 1.5 3.0
Th1 4 19.1 101 29.1 43 22.2 10 14.5 20.9
Th2 11 52.4 78 22.5 64 33.0 15 21.7 32.2
Th3 0 0.0 5 1.4 X X 4 5.8 2.4
Th4 0 0.0 1 0.3 12 6.2 8 11.6 4.0
Th5 0 0.0 1 0.3 2 1.0 9 13.0 4.4
Th6 0 0.0 0 0.0 1 0.5 15 21.7 7.2
Th7 0 0.0 0 0.0 0 0.0 1 1.5 0.5
Th8 0 0.0 1 0.3 1 0.5 1 1.5 0.6
Th9 0 0.0 0 0.0 0 0.0 1 1.5 0.5
Th10 0 0.0 0 0.0 0 0.0 0 0.0 0.0
Σ 21 100 347 100 194 100 69 100 100Page 9 of 16
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very few labelled spinal motoneurons that we observed
after lung tracing at segmental level C3 might project to
the infrahyoid muscles that cover the trachea ventrally
[34], since we applied tracer via an open cervical access,
and it cannot be excluded that minimal tracer leakage
occurred through the slit in the trachea through which the
cannula was inserted. Since corresponding segmental
DRG levels were excluded for immunohistochemical
investigation which was restricted to levels Th1-2, this
possible tracer leakage has no influence on the data
reported here for spinal pulmonary afferents.
The existence of sensory nerve endings in the parietal
pleura has been described earlier [14,15,35,36], but retro-
grade neuronal tracing studies on their origin have not
been reported yet. The occurrence of retrogradely labelled
neurons in DRG of both sides after unilateral tracer appli-
cation to the pleura, as observed in the present study, may
appear to be surprising at the first sight, but circular fenes-
trations in the retrocardiac mediastinal pleura connect the
right and left pleural cavities in the rat [37,38] so that
tracer is likely to have access to both compartments. These
fenestrations are present in the rodent lung where at sev-
eral sites the pleura of left and right lung are in contact.
However their presence in the human lung, where almost
no close contacts between the pleura of left and right lung
exist, is highly unlikely. Sites of location of retrogradely
labelled neurons after tracer application onto the costal
pleural were DRG at the segmental level of tracer applica-
tion, at segmental levels C4-C6, Th1-Th2, and sensory
vagal ganglia. The latter (DRG Th1-2, jugular-nodose gan-
glia) are known to provide a large number of sensory
fibres to the lungs as shown earlier [2,3] as well as in our
present pulmonary tracing experiments, and tracer appli-
cation into the pleural cavity is unavoidably accompanied
by tracer uptake at the pulmonary pleural surface. Hence,
neurons at these locations are likely to represent, at least
to a large proportion, pulmonary afferents, and were not
investigated immunohistochemically in the present study
when the focus was directed onto pleural innervation.
Segmental levels C4-C6 release the phrenic nerve who
contributes, besides fibres to the serosal surfaces of the
diaphragm and mediastinal pleura [14], also a significant
number of nerve fibres to the pericardium [39,40]. Since,
in the rat, pleural and pericardial cavities are connected by
pores [38] and, accordingly, tracer was also observed at
Table 5: Number and distribution of retrogradely labelled sensory vagal neurons after DiI injection into the left lung.
Rat 1 Rat 2 Rat 3 Rat 4 Σ
n % n % n % n % n %
left 135 X 345 54.6 247 59.8 X X 296 57.2
right X X 287 45.4 166 40.2 95 X 226.5 42.8
Σ X X 632 100 413 100 X X 100,0
Size distributions of neurochemically characterized subpopu-lations of DRG neurons retrogradely labelled from pleuraFigure 6
Size distributions of neurochemically characterized subpopu-
lations of DRG neurons retrogradely labelled from pleura. In 
both panels, shaded columns designated "DiI" provide the 
size distribution of all retrogradely labelled neurons from 
which immunohistochemical data could be successfully col-
lected (n = 94), regardless of their pattern of immunoreactiv-
ity. In A, neurons with different expression patterns of acid 
sensitive channels are compared, showing that neurons with 
TRPV1, either alone or in combination with ASIC3, have a 
peak in a smaller size group (20–25 µm) than those with 
ASIC3 alone. The latter are not subdivided in this panel 
according to their NF68-immunoreactivity. This is done in B, 
demonstrating larger size of NF68-positive compared to 
NF68-negative ASIC3-immunoreactive neurons.Page 10 of 16
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immunohistochemically neurons of segemental levels
C4-C6, because they are likely to represent a mixed popu-
lation of pleural and pericardial afferents. On the other
hand, retrogradely labelled DRG neurons at segmental
levels Th3-Th6 shall be dominated by far by pleural affer-
ents, since pericardial tracer injection in the rat predomi-
nantly results in labelling of DRG neurons more cranially
(C8-Th3) [40-42]. Access of the tracer to underlying inter-
costal muscle with the consequence of labelling of muscle
afferents was excluded by the absence of motoneuron
labelling at the corresponding spinal cord segment, while
they were readily labelled in the control where tracer was
directly injected into the intercostal muscle. Hence, Th3-
Th6 DRG neurons were chosen for further immunohisto-
chemical investigation.
Neurochemical and strucutural characteristics of pleural 
and pulmonary afferents
Expression of at least one acid-sensitive channel, TRPV1
or ASIC3, is a major characteristic of spinal thoracic pleu-
ral afferents, since only 3% of retrogradely labelled neu-
rons contained neither TRPV1- nor ASIC3-
immunoreactivity. In this aspect, pleural afferents showed
the major difference to pulmonary afferents among the
features investigated in the present study, since 22% of
neurons retrogradely labelled from the lung were TRPV1-
and ASIC3-negative. The percentage of TRPV1-immunore-
active neurons innervating peripheral airways differs
between rat and mouse. Thai Dinh et al. [5] found only
about 12% TRPV1- immunoreactive DRG neurons after
tracing of the mouse left main bronchus. Reasons for this
could be species-specific differences or different immuno-
histochemistry and tracing strategies.
In view of the involvement of the TRPV1- and ASIC3
receptor in perception of painful stimuli [43-45], this
finding correlates with the clinically known high sensitiv-
ity of the peripheral pleura to nociceptive stimuli.
Studies on human skin using direct infusion of acidic
solutions and channel inhibitors indicate that ASICs are
responsible for pain perception at a pH ≥ 6.0 while an
additional contribution of TRPV1 to pain perception
occurs under more severe acidification (pH = 5.0) [24].
ASIC3-immunoreactivity without TRPV1-immunoreactiv-
ity was observed in almost half of the pleural afferents
(48%) and in quite similar proportion (44%) in pulmo-
nary afferents. These relative proportions might be a slight
overestimation of the situation under physiological con-
ditions, since tracer application caused, to some extent,
local inflammation, and inflammatory conditions lead to
increased ASIC3 transcription in vivo and to an increased
number of ASIC3 expressing neurons in vitro [46,47].
Roughly 50% of ASIC3-immunoreactive retrogradely
labelled neurons had small diameter and did not contain
NF68. Just size alone allows to classify them with rather
high likelyhood as perikarya giving rise to C/Aδ-fibres
[28,30,31], and lack of NF68-immunoreactivity even
more points to a predominance of C-fibres neurons. Three
differently-sized neurofilaments (heavy, medium, light =
61–68 kDa) assemble to constitute the most abundant
structural component of large myelinated axons [48,49],
among which the medium-sized neurofilament is essen-
tial for the myelin-directed "outside-in" signalling that
mediates axonal radial growth [50]. In rat DRG, all neu-
rons with conduction velocity below 1.3 m/s were not dis-
tinctly labelled with an antibody against the heavy
neurofilament, and none of the negative neurons con-
ducted faster than 2 m/s [28]. Targeted disruption of the
light neurofilament causes extensive axonal loss and
reduction of calibre and conduction velocity that is even
more severe than in deficiency of medium or heavy neu-
rofilaments (for review, see [49], and double-labelling
immunofluoresence studies of rat DRG showed only 6%
overlap of immunoreactivity against light neurofilament
and peripherin, a maker for unmyelinated neurons [29].
Thus, from the present data it can be inferred that about
25% of rat pleural spinal afferents are slow conducting
fibres with sensitivity to minor lowering of pH, and this
correlates with an analysis of 41 slowly conducting fibres
in the rabbit phrenic nerve with terminal fields in the
mediastinal pleura, where 31% were activated by acidified
synthetic interstitial fluid, pH 6.1 [14].
Besides its proton sensitivity, an involvement of ASIC3 in
the perception of mechanical stimuli has also been pro-
posed [27,51] although an electrophysiological study on
cultured DRG neurons from wild-type and ASIC3 null
mutant mice failed to detect a contribution of ASIC3 to
Distribution of retrogradely labelled DRG neurons of the left side after trace  injection into the left lungFigure 7
Distribution of retrogradely labelled DRG neurons of the left 
side after tracer injection into the left lung.Page 11 of 16
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functions are not exclusive to each other, and it is charac-
teristic of nociceptors that they are polymodal, respond-
ing to a variety of stimuli including both chemical and
mechanical stimuli [45,53]. Indeed, among rabbit parietal
pleural afferents, 70% are multimodal receptors [15]. In a
rat skin-nerve preparation, continuous infusion of saline
of pH 6.1–6.9 increases discharge rate of approximately
40% of polymodal afferent C-fibres and, after repeated
exposure to low pH, the mechanical threshold of cutane-
Quadruple-labelling (accumulation of fluorescent tracer plus triple-labelling immunohistochemistry) of DRG neurons after DiI injection into the pleural cavity, showing A) ASIC3+/TRPV1-/NF68-, B) ASIC3+/TRPV1-/NF68+, C) ASIC3+/TRPV1+/NF68-, andD) ASIC3-/TRPV1+/NF68+ pa ter s of immunoreactivityFigure 8
Quadruple-labelling (accumulation of fluorescent tracer plus triple-labelling immunohistochemistry) of DRG neurons after DiI 
injection into the pleural cavity, showing A) ASIC3+/TRPV1-/NF68-, B) ASIC3+/TRPV1-/NF68+, C) ASIC3+/TRPV1+/NF68-, and 
D) ASIC3-/TRPV1+/NF68+ patterns of immunoreactivity. Bar represents 50 µm throughout.Page 12 of 16
(page number not for citation purposes)
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Size distributions of neurochemically characterized subpopulations of DRG neurons retrogradely labelled from the left lungFigure 9
Size distributions of neurochemically characterized subpopulations of DRG neurons retrogradely labelled from the left lung. In 
all panels, shaded columns designated "DiI" provide the size distribution of all retrogradely labelled neurons, regardless of their 
pattern of immunoreactivity. In A, neurons with different expression patterns of acid sensitive channels are compared, showing 
that neurons with TRPV1, either alone or in combination with ASIC3, have a peak in a smaller size group (20–25 µm) than 
those with ASIC3 alone. The latter are not subdivided in this panel according to their NF68-immunoreactivity. This is done in 
B, demonstrating larger size of NF68-positive compared to NF68-negative ASIC3-immunoreactive neurons. C. Triple-immu-
nonegative retrogradely labelled neurons were predominantly small to medium-sized.
Respiratory Research 2006, 7:96 http://respiratory-research.com/content/7/1/96ous nociceptors is decreased [54]. In mice, repeated intra-
muscular acid injections cause chronic mechanical
hyperalgesia mediated via Aδ-fibres which is dependent
on the expression of ASIC3 as shown in ASIC3 knockout
mice [25]. It is tempting to assume that similar mecha-
nisms operate in pleural afferents, and that the clinically
known painful sensation to otherwise subthreshold
mechanical stimuli, such as respiratory movements, in
pleuritic conditions may be due to tissue acidification
during inflammation with resulting sensitization of
ASIC3-carrying afferents.
ASIC3-immunoreactivity in retrogradely labelled TRPV1-
negative neurons was not restricted to small, NF68-nega-
tive neurons but occurred also in NF68-immunoreactive
perikarya with larger soma diameter. In fact, practically all
of the retrogradely labelled NF68-positive neurons also
exhibited ASIC3-immunoreactivity. The presence of
ASIC3 in both medium-sized and larger rat DRG somata
has been reported earlier by in-situ hybridization and
immunohistochemistry [55,56], and soma size and NF68
content allow to classify them with high likelihood as
neurons conducting with A-velocity [55,56]. Indeed, elec-
trophysiological recordings from the murine saphenous
nerve showed altered properties of Aδ-fibres in ASIC3 null
mutants in that the mechanical threshold of RARs, but not
that of SARs, was lowered [27]. As for the parietal pleura,
data are available only for the rabbit where all mechanore-
ceptors exhibit SAR properties, and those with fastest con-
duction velocity (11.0 ± 1.3 m/s) are purely
mechanosensitive [15]. These populations are likely to
correspond to the presently identified ASIC3/NF68-
immunoreactive DRG neurons projecting to the lung and
pleura.
Small-sized NF68-negative neurons with TRPV1-immu-
noreactivity constituted the largest single population of
DRG neurons retrogradely labelled from the pleura
(35%), and were also abundant (20%), although signifi-
cantly less frequent compared to pleural afferents, among
those retrogradely labelled from the lung. In case of
TRPV1, local inflammation due to tracer injection is not
likely to have increased the number of immunolabelled
neurons, since peripheral inflammation does increase
TRPV1 protein, but most likely via a post-transcriptional
mechanism, thereby not affecting the number of neurons
expressing it [57-59]. An increase in TRPV1-immunoreac-
tive fibres has recently been described in the airway
mucosa of patients with chronic cough [23]. Spinal affer-
ents, however, do not contribute significantly to the
cough reflex, since it is effectively blocked by cooling of
the vagus nerve [60] but unaffected in subjects with cervi-
cal spinal cord injury [61]. Several studies conducted at a
variety of systems have identified small TRPV1-positive
neurons as C-fibre nociceptors [20,62,63], and it is rea-
sonable to assume a similar function for these pleural and
pulmonary DRG afferents. Consistent with this view, 36%
of afferents from the rabbit parietal pleura were activated
by direct capsaicin application in the study of Jammes et
al. [15].
Colocalization of ASIC3- and TRPV1-immunoreactivities
was observed in roughly 10% of retrogradely labelled
DRG neurons, both among pleural and pulmonary affer-
ents. So far, only few previous reports have indicated their
mere occurrence. Whereas electrophysiological recordings
of acutely dissociated rat DRG neurons showed no co-
occurrence of TPRV1 and ASIC-like currents [64], co-
occurrence in 12% of control neurons and in 18% of cells
after treatment with proinflammatory mediators have
been reported by Mamet et al. [47]. The co-expression of
channels that have different pH optima of sensitivity may
confer acid sensitivity over a wider pH range, but direct
experiments as to the specific function of this subclass of
neurons are lacking.
Conclusion
Spinal afferents to rat lung and pleura express at least two
different acid-sensitive channels that make them suitable
to monitor tissue acidification. Whereas roughly one fifth
of pulmonary spinal afferents contains neither of these
channels, at least one is expressed by nearly all (97%) of
pleural spinal afferents. Patterns of co-expression of these
channels, soma size and neurofilament content allow
defining subgroups of neurons that can be inferred to sub-
serve different functions. The significantly higher preva-
lence of TRPV1+/ASIC3- neurons among pleural afferents
probably reflects the high sensitivity of the parietal pleura
to painful stimuli.
Authors' contributions
MG, TH, WK, VG and RVH carried out the tracing and the
immunohistochemistry. WK and RVH were involved in
the design of the study and participated in writing and
preparation of the manuscript and in the statistical analy-
sis. The data presented in the manuscript are part of the
doctoral thesis of MG and TH.
Acknowledgements
We thank Ms S. Wiegand for technical assistance and Ms K. Michael for fig-
ure layout.
References
1. Widdicombe JG: Overview of neural pathways in allergy and
asthma.  Pulm Pharmacol Ther 2003, 16:23-30.
2. Springall DR, Cadieux A, Oliveira H, Su H, Royston D, Polak JM: Ret-
rograde tracing shows that CGRP-immunoreactive nerves
of rat trachea and lung originate from vagal and dorsal root
ganglia.  J Auton Nerv Syst 1987, 20:155-166.
3. Kummer W, Fischer A, Kurkowski R, Heym C: The sensory and
sympathetic innervation of guinea-pig lung and trachea as
studied by retrograde neuronal tracing and double-labelling
immunohistochemistry.  Neuroscience 1992, 49:715-737.Page 14 of 16
(page number not for citation purposes)
Respiratory Research 2006, 7:96 http://respiratory-research.com/content/7/1/964. Dalsgaard CJ, Lundberg JM: Evidence for a spinal afferent inner-
vation of the guinea pig lower respiratory tract as studied by
the horseradish peroxidase technique.  Neurosci Lett 1984,
45:117-122.
5. Dinh QT, Groneberg DA, Peiser C, Mingomataj E, Joachim RA, Witt
C, Arck PC, Klapp BF, Fischer A: Substance P expression in
TRPV1 and trkA-positive dorsal root ganglion neurons
innervating the mouse lung.  Respir Physiol Neurobiol 2004,
144:15-24.
6. Schelegle ES, Green JF: An overview of the anatomy and physi-
ology of slowly adapting pulmonary stretch receptors.  Respir
Physiol 2001, 125:17-31.
7. Riccio MM, Kummer W, Biglari B, Myers AC, Undem BJ: Intergan-
glionic segregation of distinct vagal afferent fibre phenotypes
in guinea-pig airways.  J Physiol 1996, 496 ( Pt 2):521-530.
8. Holmes R, Torrance RW: Afferent fibres of the stellate gan-
glion.  Q J Exp Physiol Cogn Med Sci 1959, 44:271-281.
9. Kostreva DR, Zuperku EJ, Hess GL, Coon RL, Kampine JP: Pulmo-
nary afferent activity recorded from sympathetic nerves.  J
Appl Physiol 1975, 39:37-40.
10. Hummel T, Sengupta JN, Meller ST, Gebhart GF: Responses of T2-
4 spinal cord neurons to irritation of the lower airways in the
rat.  Am J Physiol 1997, 273:R1147-57.
11. Cromer SP, Young RH, Ivy AC: On the existence of afferent res-
piratory impulses mediated by the stellate ganglia.  Am J Phys-
iol 1933, 104:468-475.
12. Bannister J, Fegler G, Hebb C: Initial respiratory responses to
the intratracheal inhalation of phosgene and ammonia.  Q J
Exp Physiol Cogn Med Sci 1950:233-250.
13. Widdicombe JG: Respiratory reflexes excited by inflation of
the lungs.  J Physiol 1954, 123:105-115.
14. Wedekind C: Receptive properties of primary afferent fibres
from rabbit pleura, in vitro.  Somatosens Mot Res 1997,
14:229-236.
15. Jammes Y, Trousse D, Delpierre S: Identification and properties
of parietal pleural afferents in rabbits.  J Physiol 2005,
567:641-650.
16. Jacobus WE, Taylor GJ, Hollis DP, Nunnally RL: Phosphorus
nuclear magnetic resonance of perfused working rat hearts.
Nature 1977, 265:756-758.
17. Montell C: Physiology, phylogeny, and functions of the TRP
superfamily of cation channels.  Sci STKE 2001, 2001:RE1.
18. O'Neil RG, Brown RC: The vanilloid receptor family of cal-
cium-permeable channels: molecular integrators of micro-
environmental stimuli.  News Physiol Sci 2003, 18:226-231.
19. Krishtal O: The ASICs: signaling molecules? Modulators?
Trends Neurosci 2003, 26:477-483.
20. Tominaga M, Caterina MJ, Malmberg AB, Rosen TA, Gilbert H, Skin-
ner K, Raumann BE, Basbaum AI, Julius D: The cloned capsaicin
receptor integrates multiple pain-producing stimuli.  Neuron
1998, 21:531-543.
21. Caterina MJ, Rosen TA, Tominaga M, Brake AJ, Julius D: A capsaicin-
receptor homologue with a high threshold for noxious heat.
Nature 1999, 398:436-441.
22. Strecker T, Messlinger K, Weyand M, Reeh PW: Role of different
proton-sensitive channels in releasing calcitonin gene-
related peptide from isolated hearts of mutant mice.  Cardio-
vasc Res 2005, 65:405-410.
23. Groneberg DA, Niimi A, Dinh QT, Cosio B, Hew M, Fischer A, Chung
KF: Increased expression of transient receptor potential
vanilloid-1 in airway nerves of chronic cough.  Am J Respir Crit
Care Med 2004, 170:1276-1280.
24. Ugawa S, Ueda T, Ishida Y, Nishigaki M, Shibata Y, Shimada S: Ami-
loride-blockable acid-sensing ion channels are leading acid
sensors expressed in human nociceptors.  J Clin Invest 2002,
110:1185-1190.
25. Sluka KA, Price MP, Breese NM, Stucky CL, Wemmie JA, Welsh MJ:
Chronic hyperalgesia induced by repeated acid injections in
muscle is abolished by the loss of ASIC3, but not ASIC1.  Pain
2003, 106:229-239.
26. Jones NG, Slater R, Cadiou H, McNaughton P, McMahon SB: Acid-
induced pain and its modulation in humans.  J Neurosci 2004,
24:10974-10979.
27. Price MP, McIlwrath SL, Xie J, Cheng C, Qiao J, Tarr DE, Sluka KA,
Brennan TJ, Lewin GR, Welsh MJ: The DRASIC cation channel
contributes to the detection of cutaneous touch and acid
stimuli in mice.  Neuron 2001, 32:1071-1083.
28. Lawson SN, Waddell PJ: Soma neurofilament immunoreactivity
is related to cell size and fibre conduction velocity in rat pri-
mary sensory neurons.  J Physiol 1991, 435:41-63.
29. Goldstein ME, House SB, Gainer H: NF-L and peripherin immu-
noreactivities define distinct classes of rat sensory ganglion
cells.  J Neurosci Res 1991, 30:92-104.
30. Lawson SN, McCarthy PW, Prabhakar E: Electrophysiological
properties of neurones with CGRP-like immunoreactivity in
rat dorsal root ganglia.  J Comp Neurol 1996, 365:355-366.
31. Villiere V, McLachlan EM: Electrophysiological properties of
neurons in intact rat dorsal root ganglia classified by conduc-
tion velocity and action potential duration.  J Neurophysiol 1996,
76:1924-1941.
32. Forssmann WG, Ito S, Weihe E, Aoki A, Dym M, Fawcett DW: An
improved perfusion fixation method for the testis.  Anat Rec
1977, 188:307-314.
33. Kummer W, Heym C: Neuropeptide distribution in the cer-
vico-thoracic paravertebral ganglia of the cat with particular
reference to calcitonin gene-related peptide immunoreac-
tivity.  Cell Tissue Res 1988, 252:463-471.
34. Gottschall J, Neuhuber W, Muntener M, Mysicka A: The ansa cer-
vicalis and the infrahyoid muscles of the rat. II. Motor and
sensory neurons.  Anat Embryol (Berl) 1980, 159:59-69.
35. Mozell EJ, Sabanathan S, Mearns AJ, Bickford-Smith PJ, Majid MR,
Zografos G: Continuous extrapleural intercostal nerve block
after pleurectomy.  Thorax 1991, 46:21-24.
36. Ingram RH: Diseases of the pleura, mediastinum, and dia-
phragm.  In Harrison`s Principles of Internal Medicine 2, Eleventh Edition
, McGraw-Hill Book Company; 1987:1123-1129. 
37. Mixter RL: On macrophagal foci ("milky spots") in the pleura
of different mammals, including man.  American Journal of Anat-
omy 1941, 69:156-186.
38. Nakatani T, Shinohara H, Fukuo Y, Morisawa S, Matsuda T: Pericar-
dium of rodents: pores connect the pericardial and pleural
cavities.  Anat Rec 1988, 220:132-137.
39. Huang MH, Sylven C, Horackova M, Armour JA: Ventricular sen-
sory neurons in canine dorsal root ganglia: effects of adeno-
sine and substance P.  Am J Physiol 1995, 269:R318-24.
40. Benson CJ, Eckert SP, McCleskey EW: Acid-evoked currents in
cardiac sensory neurons: A possible mediator of myocardial
ischemic sensation.  Circ Res 1999, 84:921-928.
41. Alles A, Dom RM: Peripheral sensory nerve fibers that dichot-
omize to supply the brachium and the pericardium in the
rat: a possible morphological explanation for referred car-
diac pain?  Brain Res 1985, 342:382-385.
42. McNeill DL, Burden HW: Convergence of sensory processes
from the heart and left ulnar nerve onto a single afferent
perikaryon: a neuroanatomical study in the rat employing
fluorescent tracers.  Anat Rec 1986, 214:441-4, 396-7.
43. Tominaga M, Julius D: Capsaicin receptor in the pain pathway.
Jpn J Pharmacol 2000, 83:20-24.
44. Habelt C, Kessler F, Distler C, Kress M, Reeh PW: Interactions of
inflammatory mediators and low pH not influenced by cap-
sazepine in rat cutaneous nociceptors.  Neuroreport 2000,
11:973-976.
45. Reeh PW, Kress M: Molecular physiology of proton transduc-
tion in nociceptors.  Curr Opin Pharmacol 2001, 1:45-51.
46. Voilley N, de Weille J, Mamet J, Lazdunski M: Nonsteroid anti-
inflammatory drugs inhibit both the activity and the inflam-
mation-induced expression of acid-sensing ion channels in
nociceptors.  J Neurosci 2001, 21:8026-8033.
47. Mamet J, Baron A, Lazdunski M, Voilley N: Proinflammatory medi-
ators, stimulators of sensory neuron excitability via the
expression of acid-sensing ion channels.  J Neurosci 2002,
22:10662-10670.
48. Hoffman PN, Cleveland DW, Griffin JW, Landes PW, Cowan NJ,
Price DL: Neurofilament gene expression: a major determi-
nant of axonal caliber.  Proc Natl Acad Sci U S A 1987,
84:3472-3476.
49. Lariviere RC, Julien JP: Functions of intermediate filaments in
neuronal development and disease.  J Neurobiol 2004,
58:131-148.
50. Garcia ML, Lobsiger CS, Shah SB, Deerinck TJ, Crum J, Young D,
Ward CM, Crawford TO, Gotow T, Uchiyama Y, Ellisman MH, Cal-Page 15 of 16
(page number not for citation purposes)
Respiratory Research 2006, 7:96 http://respiratory-research.com/content/7/1/96Publish with BioMed Central   and  every 
scientist can read your work free of charge
"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published immediately upon acceptance
cited in PubMed and archived on PubMed Central 
yours — you keep the copyright
Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp
BioMedcentral
cutt NA, Cleveland DW: NF-M is an essential target for the
myelin-directed "outside-in" signaling cascade that mediates
radial axonal growth.  J Cell Biol 2003, 163:1011-1020.
51. Chen CC, England S, Akopian AN, Wood JN: A sensory neuron-
specific, proton-gated ion channel.  Proc Natl Acad Sci U S A 1998,
95:10240-10245.
52. Drew LJ, Rohrer DK, Price MP, Blaver KE, Cockayne DA, Cesare P,
Wood JN: Acid-sensing ion channels ASIC2 and ASIC3 do not
contribute to mechanically activated currents in mamma-
lian sensory neurones.  J Physiol 2004, 556:691-710.
53. Widdicombe JG: Pulmonary and respiratory tract receptors.  J
Exp Biol 1982, 100:41-57.
54. Steen KH, Reeh PW, Anton F, Handwerker HO: Protons selec-
tively induce lasting excitation and sensitization to mechan-
ical stimulation of nociceptors in rat skin, in vitro.  J Neurosci
1992, 12:86-95.
55. Xie J, Price MP, Berger AL, Welsh MJ: DRASIC contributes to pH-
gated currents in large dorsal root ganglion sensory neurons
by forming heteromultimeric channels.  J Neurophysiol 2002,
87:2835-2843.
56. Alvarez de la Rosa D, Zhang P, Shao D, White F, Canessa CM: Func-
tional implications of the localization and activity of acid-sen-
sitive channels in rat peripheral nervous system.  Proc Natl
Acad Sci U S A 2002, 99:2326-2331.
57. Carlton SM, Coggeshall RE: Peripheral capsaicin receptors
increase in the inflamed rat hindpaw: a possible mechanism
for peripheral sensitization.  Neurosci Lett 2001, 310:53-56.
58. Tohda C, Sasaki M, Konemura T, Sasamura T, Itoh M, Kuraishi Y:
Axonal transport of VR1 capsaicin receptor mRNA in pri-
mary afferents and its participation in inflammation-induced
increase in capsaicin sensitivity.  J Neurochem 2001,
76:1628-1635.
59. Schicho R, Florian W, Liebmann I, Holzer P, Lippe IT: Increased
expression of TRPV1 receptor in dorsal root ganglia by acid
insult of the rat gastric mucosa.  Eur J Neurosci 2004,
19:1811-1818.
60. Tatar M, Sant'Ambrogio G, Sant'Ambrogio FB: Laryngeal and tra-
cheobronchial cough in anesthetized dogs.  J Appl Physiol 1994,
76:2672-2679.
61. Dicpinigaitis PV, Grimm DR, Lesser M: Cough reflex sensitivity in
subjects with cervical spinal cord injury.  Am J Respir Crit Care
Med 1999, 159:1660-1662.
62. Akerman S, Kaube H, Goadsby PJ: Vanilloid type 1 receptors
(VR1) on trigeminal sensory nerve fibres play a minor role in
neurogenic dural vasodilatation, and are involved in capsai-
cin-induced dural dilation.  Br J Pharmacol 2003, 140:718-724.
63. Robinson DR, McNaughton PA, Evans ML, Hicks GA: Characteriza-
tion of the primary spinal afferent innervation of the mouse
colon using retrograde labelling.  Neurogastroenterol Motil 2004,
16:113-124.
64. Petruska JC, Napaporn J, Johnson RD, Cooper BY: Chemical
responsiveness and histochemical phenotype of electrophys-
iologically classified cells of the adult rat dorsal root gan-
glion.  Neuroscience 2002, 115:15-30.Page 16 of 16
(page number not for citation purposes)
